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Donald Hebb postulated the existence of amechanism
of activity-dependent transcription and synaptic mod-
ification almost 60 years ago. While the details of this
process are still unclear, a new study by Ince-Dunn
et al. in this issue of Neuron indicates that NeuroD2,
a calcium-regulated transcription factor, plays a cen-
tral role in thalamocortical synaptic maturation.
A fundamental question of neurobiology seeks to char-
acterize the way early experience shapes developing
and adult neuronal connectivity. Hebb argued that
some permanent, structural change must take place to
‘‘fix’’ the image or representation and prevent its disrup-
tion, extinction, or exhaustion. He proposed that an ini-
tial transient dynamic storage is followed by a more per-
manent structural form of retention (Hebb, 1949).
Early neuronal activity patterns play an instrumental
role in the assembly and stabilization of cerebral cortical
circuits throughout development (Katz and Shatz, 1996).
Many activity-dependent mechanisms have been exten-
sively studied in visual and somatosensory systems due
to the accessibility of the sensory periphery and thus the
activity pattern for specific manipulations (Fox and
Wong, 2005). It has been known for decades that activity
is involved in the formation of maps, in which some attri-
bute of the activity in the presynaptic structure is repre-
sented in the cells of the target. The mapping of right and
left eye inputs onto the visual cortex to form ocular dom-
inance columns, or the ordered arrangement of orienta-
tion-selective cells in the visual cortex provide examples
for these feature maps. The relative importance of activ-
ity-dependent and activity-independent mechanisms is
still being examined at different stages of development
in numerous model systems, but owing to the immense
progress in mouse genetics, the barrel field (the region
of the primary somatic sensory cortex of rodents that
receives input from the facial whiskers) took a central
stage. The correlation between the arrangement of
densely innervated whiskers on the snout with the cen-
tral cortical pattern on the contralateral hemisphere
makes this model system particularly attractive in the
study of the genetic basis of thalamocortical develop-
ment, cytoarchitectural differentiation, and activity-de-
pendent plasticity during development and in the adult.
The peripheral somatic sensory input is relayed through
the brainstem and the ventrobasal complex (VB) of the
thalamus before it is transmitted to layer IV, the gateway
of the sensory cortical circuitry. Thalamic axons form ar-
bors and establish synapses in a periphery-related pat-
tern in layer IV. The individual thalamocortical axon clus-
ters are surrounded by densely packed layer IV cells that
form the walls of the ‘‘barrels.’’ In the middle of each bar-
rel is a plexus of thalamic fibers carrying signals fromone corresponding whisker. During the first days of
postnatal development, thalamic projections assume
a periphery-related pattern within layer IV precisely
mirroring the arrangements of the whiskers. Thalamo-
cortical axon segregation is soon followed by the re-
location of layer IV cells from an initially homogeneous
distribution to the walls of the barrels surrounding the
clustered thalamic projections (Figure 1). Van der Loos
and Woolsey (1973) provided evidence for the environ-
mental influence on cortical cytoarchitectonic differenti-
ation by demonstrating that changing or blocking the
flow of sensory input from specific whiskers during the
early stages of development results in a cascade of
events that will change the arrangements and somato-
dendritic morphology of layer IV cells. Study of the barrel
field in various mouse mutants proved to be instrumen-
tal in the understanding of the molecular mechanisms of
these interactions (Erzurumlu and Kind, 2001).
Genetic disruption of glutamatergic transmission
(used by thalamic projections) at various levels revealed
the involvement of the different classes of glutamate re-
ceptors and their associated signal transduction path-
ways in the thalamocortical clustering and cytoarchitec-
tonic barrel formation. In mice with null mutations in
monoamine oxidase A (Maoa), growth-associated pro-
tein (GAP)-43, or the adenylyl cyclase 1 (Adcy 1) gene,
ingrowing thalamic axons and cortical cells fail to segre-
gate into their respective patterning (reviewed in Erzur-
umlu and Kind, 2001). Disruption of the function of post-
synaptic molecules, such as the NR1 subunit of the
N-methyl-D-aspartate receptor (NMDAR), group 1 meta-
botropic glutamate receptor (mGluR5), or the receptor-
activatedGprotein-coupledphopsphodiesterase(PLCß1)
results in the normal formation of a periphery-related
pattern of thalamocortical axons, but in the failure of
layer IV cells to establish the characteristic cytoarchitec-
tonic pattern (reviewed by Lo´pez-Bendito and Molna´r,
2003). These studies on the mouse barrel field identified
some of the key players in the cellular mechanisms by
which neurotransmitter receptor activation leads to al-
terations in protein transport and, hence, altered neuro-
nal morphology and cortical circuitry. However, several
details of the molecular and cellular machinery of activ-
ity-driven patterning remain undiscovered. We have
very limited understanding of the link between activity-
dependent transcriptional regulation and changes in
the molecular composition and distribution of neuro-
transmitter receptors. The major challenge is to dissect
the underlying molecular mechanisms from transmitter
release, through activity-dependent changes in recep-
tor-mediated signaling, regulation of gene activation,
all the way to cytoarchitectonic modifications including
changing the position and shape of layer IV cells. We
have particularly limited knowledge of the transcriptional
regulation of receptor availability, expression of scaffold
proteins engaged in receptor trafficking and clustering.
The study on the NeuroD2 mutant by Ince-Dunn et al.
(2006) contributes to the understanding of both pre-
and postsynaptic mechanisms of thalamocortical inter-
actions.
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640Figure 1. Schematic Overview of the Devel-
opment of the Periphery-Related Thalamo-
cortical Patterning and the Cytoarchitectonic
Barrel Formation in the Mouse
Thalamocortical fiber clusters arise from an
initially uniform distribution of thalamocorti-
cal arbors (red), and they impose the charac-
teristic patterning of layer IV neurons (blue).
Left column represents coronal, right column
tangential sections.Postsynaptic components of the glutamatergic
synapse are rapidly modified by activity-dependent, lo-
calized changes in calcium. Elevation of cytoplasmic
calcium is also translated into changes in gene tran-
scription. Decoding the calcium signal into specific
changes in gene transcription involves coordinating
the action of a number of kinases, phosphatases, tran-
scription factors, and transcription coactivators. To
identify calcium-regulated transcription factors in corti-
cal neurons, Ghosh and coworkers developed a new as-
say called transactivator trap (Aizawa et al., 2004). Tak-
ing advantage of the fact that transcription factors have
separate DNA binding and transactivation domains,
they fused cDNAs from a library made from rat neonatal
brain with the DNA binding domain of the yeast Gal4
transcription factor. Following the depolarization of
transfected cultured neurons with its concomitant ele-
vation in intracellular calcium, some fusion proteins
caused activation of a Gal4-dependent reporter gene.
This cloning strategy identified the basic helix-loop-
helix (bHLH) transcription factor neurogenic differentia-
tion 2 (NeuroD2) as one of the calcium-activated tran-
scription factors in cortical neurons (Ince-Dunn et al.,
2006). NeuroD2 regulates transcription through direct
interaction with DNA. In mouse brain, NeuroD2 expres-
sion starts around embryonic day 11 and persists in
the adult nervous system with a prominent cortical ex-
pression pattern in layer IV, V, and VIb.
The evidence that NeuroD2 plays an important role in
the development of thalamocortical synapses comes
from mice that are deficient in NeuroD2 (Olson et al.,
2001; Ince-Dunn et al., 2006). In the NeuroD22/2 mouse,
thalamocortical axon terminals do not segregate to the
same degree as in wt somatosensory cortex (revealed
with CO histochemistry, 5-HT staining, and carbocya-
nine dye tracing), postsynaptic barrel organization is
disrupted (revealed by cresyl violet and nuclear stain
Hoechst), and the maturation of synaptic transmission
is defective at thalamocortical synapses.
One possible concern regarding the interpretation of
such analysis is whether the reported changes are solely
the consequence of disturbed thalamocortical interac-
tions. The selective cortical expression of NeuroD2,the intact brainstem and thalamic periphery-related pat-
terning, normal lamina- and area-specific distribution of
thalamic projections indeed all argue for a largely thala-
mocortical transmission defect. The lack of periphery-
related thalamocortical clustering suggests presynaptic
abnormalities, while the electrophysiological analysis of
spontaneous and elicited layer IV neuron activity points
toward defects of the postsynaptic response system
(Ince-Dunn et al., 2006). At present it is difficult to deter-
mine the contribution of pre- and postsynaptic compo-
nents to the abnormal thalamocortical development.
The presynaptic abnormality could be explained
through at least two possible mechanisms: (1) NeuroD2
acting on GAP-43 expression or (2) eliciting a retrograde
signal. Ince-Dunn et al. (2006) demonstrate that the C
terminus domain of NeuroD2 can mediate depolariza-
tion-dependent activation of the GAP-43 promoter,
and immunoblotting revealed a significant reduction in
GAP-43 protein levels inNeuroD22/2 cortex, and disrup-
tion of thalamocortical clustering and barrel cortex de-
velopment has been documented in Gap432/2 mice by
Maier et al. (1999). However, the thalamocortical target-
ing defect is considerably milder in NeuroD22/2 mice,
where no thalamocortical targeting error was demon-
strated. The second possibility is that NeuroD2 is in-
volved in the operation of retrograde signaling mecha-
nisms, which might regulate the presynaptic release
from thalamic fibers and eventually prevent the cluster-
ing of the thalamic axon terminals in layer IV. Further
study of individual thalamocortical arbors and layer IV
dendritic morphology inNeuroD22/2 cortex will be inter-
esting. Currently it is not known which attributes of glu-
tamatergic release (regulated, spontaneous, or consti-
tutive, see review by Lo´pez-Bendito and Molna´r, 2003)
are required for thalamocortical arbor clustering and
cytoarchitectonic differentiation in the barrel cortex.
Additional investigation of NeuroD22/2 cortex could
contribute to the characterization of presynaptic thala-
mocortical clustering and functional maturation of the
glutamatergic thalamocortical synapse.
The spontaneous synaptic currents elicited by the total
input were observed to be with smaller peak amplitude,
but with similar pattern in wild-type and NeuroD22/2
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641brains. Interestingly, the recordings of the intrinsic activity
patterns showed very similar time decay in NeuroD2+/+
and NeuroD22/2 brains, whereas stimulations produced
major differences (Ince-Dunn et al., 2006). The authors
suggest that the different time course and pharmacolog-
ical manipulations result from reduced AMPA receptor
(AMPAR)- and increased NMDAR-mediated currents
(Ince-Dunn et al., 2006). To minimize the possibility of
the contribution of other circuits (e.g., subplate to layer
IV; see Kanold et al., 2003), some of the recordings
were repeated with direct thalamic stimulation and pro-
duced similar results.
Establishment and functional maturation of thalamo-
cortical glutamatergic synaptic connections depend on
the concerted action of postsynaptic AMPA, NMDA, kai-
nate-type ionotropic (iGluRs), and G protein-coupled
metabotropic glutamate receptors (mGluRs) (reviewed
in Molna´r and Isaac, 2002). During early postnatal devel-
opment, the majority of synaptic currents are mediated
by NMDARs. Functional AMPARs are recruited to
NMDAR containing synapses toward the end of the first
postnatal week. This suggests a two-step mechanism
for the development of excitatory circuits: first a non-
functional connection is formed that does not partici-
pate in basal network activity, followed by a second ac-
tivity-dependent step necessary to ‘‘unsilence’’ the
connection. Data provided by Ince-Dunn et al. (2006)
are consistent with this concept. The reduction in
AMPAR-mediated currents and the relative increase in
the contribution of NMDARs in NeuroD22/2 neurons in-
dicate that NeuroD2 plays a critical role in the regulation
of activity-dependent synaptic maturation. The disrup-
tion of NeuroD2 reduced expression of GluR2/3 proteins
in layer IV of the cortex and decreased surface expres-
sion of GluR1 and GluR2 subunits in cultured neurons
(Ince-Dunn et al., 2006). This indicates an AMPAR-
specific mechanism, because there was no change in
NMDAR expression or in the relative contribution of kai-
nate receptors (KARs). This suggests that NeuroD2 reg-
ulates the expression of AMPAR subunit proteins and/or
other proteins involved in the trafficking and surface re-
tention of AMPARs (Figure 2). Additional high-resolution
immunocytochemical studies are needed to clearly es-
tablish changes in the molecular composition of iGluRs
and mGluRs in thalamocortical synapses.
The study by Ince-Dunn et al. (2006) raises a number
of interesting questions. First, how do calcium signals
activate NeuroD2? Previous studies indicate that Neu-
roD2 is regulated by phosphorylation. One of the likely
candidates is the nuclear Ca2+-calmodulin-dependent
kinase IV (CaMKIV), which is involved in the activation
of other transcription factors (Figure 2). In vivo, CaMKIV
activation is likely to be complemented by sustained
MAP kinase signaling. Second, what kind of target genes
might NeuroD2 regulate to produce these effects? In ad-
dition to the described direct effects on AMPAR subunit
protein expression (Ince-Dunn et al., 2006), AMPAR in-
teraction partners involved in trafficking, clustering,
and postsynaptic retention are likely candidates. Dis-
ruption of AMPAR surface targeting is plausible, since
several genes involved in vesicle and receptor traffick-
ing are altered in NeuroD22/2 neurons (Olson et al.,
2001). Calcium-permeable KARs are also expressed in
developing thalamocortical synapses (Kidd and Isaac,1999), which could contribute to activity-dependent reg-
ulation of NeuroD2 (Figure 2). Changes in NMDAR and
AMPAR subunit composition during development are
influenced by synaptic activity (reviewed in Molna´r and
Isaac, 2002), and it would be interesting to explore the
role of NeuroD2 in this process. In addition to develop-
mental expression, NeuroD2 is also expressed in adult
neurons involved in plastic changes (Olson et al., 2001).
This is consistent with the concept that the same molec-
ular mechanisms that shape synapses during develop-
ment may also be involved in the modification of synaptic
efficacy during learning and experience.
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Figure 2. Potential Molecular Mechanisms of NeuroD2-Mediated
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and eag genes, which also encode voltage-dependent
potassium channels. Interestingly, despite this high
degree of sequence conservation, the electrical charac-
teristics of the invertebrate and mammalian channels
have apparently not been conserved. When expressed
in heterologous cells, the Shaker channel gives rise to
potassium currents termed A-type currents, which inac-
tivate rapidly (within 10–15 msec) during a maintained
depolarization. In contrast, expression of Kv1.1 in the
same cells produces currents of the delayed-rectifier
type, which are characterized by little or no inactivation
during depolarizations lasting hundreds of ms.
The rapid inactivation of potassium currents during
a sustained depolarization, a defining characteristic of
A-type currents, occurs through a ‘‘ball and chain’’
mechanism (Hoshi et al., 1990; Zhou et al., 2001). In
the Drosophila Shaker channel, as well as in the mam-
malian Kv1.4 potassium channel, a positively charged
sequence of amino acids at the cytoplasmic N terminus
of the protein represents the ‘‘ball’’ and the sequence
that links this ball to the first transmembrane segment
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DOI 10.1016/j.neuron.2006.02.012Policing the Ball: A New Potassium
Channel Subunit Determines
Inactivation Rate
Inactivation of potassium currents during maintained
firing results in a progressive increase in action poten-
tial width and neuronal excitability. In Kv1.1 channels,
inactivation has attributed to a b subunit that blocks
the pore of the channel shortly after channel opening.
In this issue of Neuron, Shulte and colleagues have
identified a novel channel subunit whose interaction
with Kv1.1 and the b subunit prevents such inactiva-
tion. Mutations in this subunit lead to temporal lobe
epilepsy.
One of the features that distinguish potassium channels
from calcium or sodium channels is the sheer number of
genes that encode potassium channels. With the num-
ber of known genes that encode potassium channel
pore-forming a subunits now approaching almost 100,
it takes a special potassium channel to stand out from
the rest. One thing that can help a potassium channel
achieve some individuality is precedence. The potas-
sium channel Kv1.1 represents the first cloned member
of the first subclass of voltage-dependent potassium
channels identified in mammals. This precedence is
likely to represent more than historical accident. In con-
trast to many channels whose expression is limited to
specific cell types, the Kv1.1 channel is expressed
widely and at a high level in the nervous system. It is
concentrated in axonal membranes and in the axonal
membrane immediately adjacent to nerve terminals
(Trimmer and Rhodes, 2004).
The mammalianKv1.1gene was identified on the basis
of its homology to theShakergene inDrosophila (Tempel
et al., 1988). Potassium channels have been highly con-
served throughout evolution, and it is straightforward to
designate Kv1.1 as a homolog of the Shaker gene rather
than of the closely relatedDrosophila Shab,Shaw,Shab,
(S1) represents the ‘‘chain’’ (Figure 1A). Shortly after de-
polarization of the channel, the ball swings into a recep-
tacle near the inner mouth of the channel, occluding the
channel. This form of inactivation is also typically termed
‘‘N-type’’ inactivation because of the location of the ball
at the N terminus.
Although Kv1.1 does not have an inactivation ball at its
N terminus, it can participate in the generation of inacti-
vating A-currents. In common with several other mam-
malian channels, Kv1.1 has relegated the control of its
gating to ancillary subunits. In particular, the Kvb1 sub-
unit, a peripheral membrane protein that copurifies with
Kv1.1, is able to provide a ball that blocks the channel
pore shortly after depolarization, in exactly the same
manner as the N terminus of the Shaker channel (Fig-
ure 1B) (Rettig et al., 1994). In vivo, Kv1.1 associates with
Kvb1 only in certain locations, allowing Kv1.1 to contrib-
ute either to delayed rectifier currents or to A-currents
depending on its binding partners (Trimmer and Rhodes,
2004). In neurons in which Kv1.1 channels contribute
to delayed rectifier current rather than A-current, Kv1.1
associates with another closely related b subunit, Kvb2,
which has properties very similar to those of Kvb1 but
lacks the inactivation ball.
The new study by Schulte et al., (2006) has identified
yet another binding partner for Kv1.1 and has demon-
strated that the rate of inactivation of this channel sub-
unit is not determined simply by the nature of the b sub-
units with which it is associated. Starting with total rat
brain membranes, these authors used an antibody to
affinity purify Kv1.1, together with proteins to which it
may be bound. After separation of the proteins by gel
electrophoresis, they selected specific protein bands
for sequencing by nanocapillary tandem mass spec-
trometry. Using this approach, they were able to identify
many proteins that had previously been identified as as-
sociating with Kv1.1. These included the known Kvb
subunits, as well as other Kv1-family a subunits with
which Kv.1.1 can form heteromeric channel complexes.
Among the proteins that had not previously been sus-
pected of associating with Kv1.1, they identified Lgi1
(leucine-rich glioma inactivated gene 1). Although the
function of this protein was unknown, it had been
